Abstract. The mammalian brain exhibits sex differences with respect to structure and function. In our previous report, we found that progranulin (PGRN)-deficient (pgrn -/-) mice displayed an alteration in male-type behaviors, including reduced frequency of ejaculation and elevated levels of aggression and anxiety. The aim of the present study was to elucidate the role of PGRN in sex differences in anxiety. In the elevated plus maze, wild-type (pgrn +/+ ) female mice spent more time in the closed arms than the pgrn +/+ males, suggesting that the level of anxiety was higher in females than males. On the other hand, no sex difference was observed in the pgrn -/-mice, and their anxiety levels were almost the same as those of the pgrn +/+ females. To elucidate the effect of testosterone on male anxiety, male mice were castrated at 5 weeks of age and silastic tubes filled with either testosterone or cholesterol were then implanted into them for one week. These treatments did not affect anxiety in the open field in either genotypes, although the pgrn -/-males exhibited higher anxiety than pgrn +/+ males. Next, we measured the volume of the paraventricular nucleus (PVN) and the locus ceruleus (LC), as these are anxiety/stress-related nuclei that are known to have sex differences in their structures. In the pgrn +/+ mice, there was a tendency for the volume of the LC to be larger in males than females. In addition, the pgrn -/-mice had a larger volume of LC than the pgrn +/+ mice, although no sexual differences were observed. The number of cells in the LC was also larger in the pgrn -/-than in the pgrn +/+ mice. No significant differences in the volumes of the PVN were observed between genotypes or sexes. These results suggest that PGRN plays a role in organization of the LC, which eventually modulates anxiety in novel environments. Key words: Anxiety, Locus ceruleus, Progranulin, Sex-difference, Testosterone (J. Reprod. Dev. 55: [518][519][520][521][522] 2009) he mammalian brain exhibits sex differences with respect to structure and function [1] . Such sex differences in the brain arise from the organizing effect of sex-steroid hormones during the perinatal period, followed by the same hormones activating sexrelated behaviors after puberty. Anxiety-like behavior in novel environments is one of the behaviors characterized by sex differences and is also under the influence of sex-steroid hormones [2] .
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Progranulin (PGRN) is a cystein-rich protein composed of 593 amino acid residues and has an estimated molecular weight of about 68 kDa in the unglycosylated form [3] [4] [5] . PGRN is expressed in various tissues including neural cells in the hippocampus, cerebral cortex and cerebellum [6] [7] [8] . Our previous studies have demonstrated that it mediates the organizing effects of sexsteroid hormones in the process of sexual differentiation of the brain [9] [10] [11] [12] [13] . PGRN also mediates estrogen-induced adult neurogenesis [14] . Mutations including the null mutation in the PGRN gene have been found in patients with frontotemporal dementia with ubiquitin-immunoreactive neuronal inclusions [15, 16] . These reports support the notion that PGRN has a neurotrophic effect that may be involved in the development of sex differences in behavior.
Recently, we reported generation of a line of PGRN-deficient (pgrn -/-) mice that displayed alteration of male-specific behaviors [13] . These included reduced frequency of male sexual behavior (ejaculation), elevated aggressive behaviors in the resident-intruder paradigm and anxiety in the open field test (OFT). One interesting result was that male pgrn -/-mice displayed the same level of anxiety as females, while male wild-type (pgrn +/+ ) mice displayed less anxiety compared with females in a 5-min OFT. This finding suggests that PGRN plays an important role in generating sex differences in anxiety.
From the observations described above, it is possible that PGRN organizes sexually dimorphic structures in the brain by mediating sex-steroid actions, which consequently induces sex differences in behavior. The aim of the present study was to elucidate the role of PGRN in sex differences in anxiety-like behaviors. First, we confirmed the disappearance of sex differences in anxiety in pgrn -/-mice and examined whether castration and/or testosterone treatment affects this behavior. Next, we measured the volumes of the paraventricular nucleus (PVN) and the locus ceruleus (LC), as these are anxiety/stress-related nuclei known to have sex differences in their structures [17, 18] .
Materials and Methods

Animals
All experiments in this study were conducted according to the Guidelines for the Care and Use of Laboratory Animals, Graduate School of Agricultural and Life Sciences, The University of Tokyo. Pgrn +/+ and pgrn -/-mice bred in our laboratory were used in this study. The mice were weaned at 28 days of age and housed under the following conditions: temperature of 23 ± 1 C, humidity of 55 ± 10%, and a 14-10 h light-dark cycle (0500-1900 h lights on). Lab-oratory chow (Lab MR Stock, Nosan Corporation, Yokohama, Japan) and water were freely accessible. Genotyping of mice was performed as previously reported [13] . To evaluate the effect of endogenous testosterone, the testes were removed from mice at 5 weeks of age, and a silastic tube (I.D. 1.57 mm, O.D. 3.18 mm, 10 mm length) filled with either testosterone (Wako, Osaka, Japan) or cholesterol (Wako) was implanted in the subcutaneous interscapular region at 6 weeks of age. The behaviors of the mice were analyzed at 7 weeks of age. Vaginal smears of female mice were observed after the behavioral test.
Behavioral study
Two behavioral tests, i.e., elevated plus maze test (EPT) and open field test (OFT), were adopted to evaluate the anxiety level of mice in this study. All experiments were conducted in a dark environment illuminated by only dim red lights. Two hours before the beginning of the test, the mice were introduced to the experimental room where the temperature is kept at 24 C and acclimated to the environment. The maze for the EPT had four arms (4 × 25 cm); two of the arms had 3-cm high walls (closed arms; east and west arms), while the other two had only 3-mm high ridges (open arms; north and south arms). A mouse was introduced into a closed (east) arm, and its behavior was monitored and recorded from above by charge-coupled-device (CCD) camera and hard disk drive (HDD) recorder, respectively, for 10 min. The time within and number of entries into each arm were analyzed using the Ethovision software (ver. 3.0; Noldus, Wageningen, Netherlands) running on a personal computer. In regard to the OFT, the open field consisted of white wooden walls and an acrylic floor without a ceiling (50 × 50 × 40 cm). A mouse was introduced into the center of the open field, and its behavior was monitored from above by CCD camera and recorded on an HDD recorder for 10 min. The Ethovision software was used to analyze the time spent and distance traveled within the peripheral zone, which was a 7.5-cm zonal area within the walls, as well as the center, which was enclosed by the peripheral zone.
Histological analysis
Seven-week-old mice were anesthetized with sodium pentobarbital (2.5 mg; Dainippon Seiyaku, Osaka, Japan), and their body weights and head-to-bottom lengths were measured. The anesthetized mice were transcardially perfused with saline followed by 4% paraformaldehyde (Wako) dissolved in phosphate buffered saline (PBS). The brain was removed from the scull, cut at the anterior end of the cerebrum and the posterior end of the cerebellum and weighed. The specimen was post-fixed with 4% paraformaldehyde for 24 h, immersed in 20% sucrose/PBS for 24 h and 30% sucrose/ PBS for 48 h, embedded in OTC compound (Sakura Finetek Japan, Tokyo, Japan) and stored at -80 C until used. Fifty-μm-thick frozen sections were made at 100-μm intervals using a cryostat and mounted on MAS-coated slide glass (Matsunami Glass, Osaka, Japan). After air-drying, sections were washed with distilled water for 10 min and immersed in 1% cresyl violet (Wako) solution (Nissl staining). After washing with 70 and 80% ethanol (Wako) for 1 min each, the sections were washed with 95% ethanol for 1-5 min; the washing time was decided by observation of discoloration of sections. Double washing with 100% ethanol (1 and 3 min each) was then followed by xylene (Wako) immersion, which consisted of three washes for 10 min each. Sections were then sealed with mounting medium (DIATEX, Matsunami Glass) and coverslips (Matsunami Glass).
Images of Nissl-stained tissues were obtained using a microscope (BX-50; Olympus, Tokyo, Japan) and CCD camera (DP70; Olympus). The image of the PVN was obtained at 40 × magnification, and that of the LC was obtained at 100 × magnification. The areas of each nucleus were defined as shown in Fig. 1 from an obtained image, and a binary image was produced to indicate the region of interest in black, while the other area was left white. The area of interest in the image was calculated using the particle analysis program of the Image J software (produced by Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2008). The total volume of nuclei was calculated by multiplying the sum of the areas of the nuclei by the interval between each section (i.e., 100 μm). The number of cells in the LC was counted on the same image before binarization. The Adobe Photoshop software (version 7.0; Adobe Systems, San Jose, CA, USA) were used to mark the cell bodies counted as yellow points to avoid double counting.
Statistical analysis
The data obtained from the behavioral and histological studies were analyzed by factorial two-way analysis of variance (ANOVA) followed by Holm's post-hoc test and Student's t-test using the R software (R Foundation for Statistical Computing, Vienna, Austria). A difference in values was considered significant when the P value was less than 0.05. 
Results
Disappearance of sex differences in anxiety in pgrn -/-mice
The anxiety levels of the pgrn +/+ and pgrn -/-mice were analyzed by EPT to elucidate the role of PGRN in the sexual dimorphism of anxiety. Since there were no significant differences in the female data among the stages of the estrous cycle, the data in female mice during each estrous stage were combined in Fig. 2 . There was a trend for the male pgrn +/+ mice to spend more time in the open arms than female pgrn +/+ mice ( Fig. 2A) . The time spent in the open arms by the male pgrn -/-mice, however, was comparable to the values seen in the female pgrn +/+ and pgrn -/-mice. The male pgrn +/+ mice spent significantly less time in closed arms than female pgrn +/+ mice, while no sex difference was observed in time spent within the closed arms in the pgrn -/-mice (Fig. 2B ). No significant difference was found between genotype or sex in the number of entries into open or closed arms, although the female pgrn -/-mice showed a tendency to enter less frequently into open arms (Figs. 2C and D) .
Absence of the masculinizing effect of testosterone on anxiety
Castration at 5 weeks of age and testosterone or cholesterol treatment for 6-7 weeks were performed on male mice to elucidate the masculinizing effects of testosterone on anxiety in OFT. Consistent with the EPT study as well as our previous report [13] , the male pgrn -/-mice spent less time in the center of the open field compared with the male pgrn +/+ mice, indicating higher anxiety in the pgrn -/-mice (Fig. 3A) . Castration at 5 weeks of age and testosterone supplementation did not demonstrate the anxiolytic effects of testosterone in both the pgrn +/+ and pgrn -/-mice. The pgrn -/-mice showed more spontaneous activity during the 10-min OFT, especially in the peripheral area, compared with the pgrn +/+ mice, although no significant effects of testosterone were observed in this behavior in either genotype (Fig. 3C) .
Increase in the volume and number of cells in the locus ceruleus in pgrn -/-mice
The morphologies of stress-and anxiety-related nuclei were observed to clarify the histological basis of sex differences in anxiety. As shown in Fig.1A , cells in the LC were fairly well stained with cresyl violet, and easily distinguishable from cells in the mesencephalic trigeminal nucleus due to the difference in size of the cell body between these nuclei. The male pgrn +/+ mice showed a tendency to have a smaller LC volume compared with the female pgrn +/+ mice (Fig. 4A) . The pgrn -/-mice were shown to have a larger volume of the LC compared to pgrn +/+ mice, although no sex differences were observed in this strain. The PVN was defined as an area of the hypothalamus with a high cell density that was located lateral to the 3rd ventricle (Fig. 1B) . No significant differences in the PVN volume were observed between the genotypes or sexes (Fig. 4B) . Finally, the number of cells was counted throughout the LC, and it was found that the pgrn -/-mice had more cells than the pgrn +/+ mice (Fig. 4C) . Although the female mice exhibited lighter body and brain weights, as well as shorter body lengths (data not shown), no differences in these parameters were observed between the genotypes, which suggests that the pgrn -/-mice had normal body and brain development.
Discussion
The present results demonstrate that sex differences exist in anxiety in pgrn +/+ mice but not in pgrn -/-mice, corroborating our previous report [13] . Other interesting findings included the facts that castration and restoration of testosterone after puberty did not have any effect on anxiety in a novel environment and that the morphology of the LC differed between the genotypes. These findings suggest that PGRN plays an important role in the development of anxiety-like behavior, which may be a reflection of its effect on the histological development of the LC before puberty.
There are some possible explanations for the development of sex differences in anxiety. One explanation is the effect of steroid hormones secreted from the gonads during and/or after sexual maturation. Some reports have found that male rats demonstrate higher anxiety levels than female rats [19] , which may reflect the cyclicity of the estrous cycle, given that the anxiety levels of diestrous rats were comparable to those of male rats [20] . Estrogen has some influence on anxiety-like behavior, as demonstrated by Marcondes et al. (2001) , who showed that diestrous rats treated with estrogen display lower anxiety levels compared with vehicletreated rats [21] . In the present study, no significant difference in anxiety was observed with respect to the estrous cycle in females, which may be due to the relatively high variance in this behavior, and future study on this issue is needed. Testosterone and its metabolites also have an anxiolytic property in rats [22, 23] , although the male mice did not display any significant differences in anxiety after castration and testosterone replacement in the present study. These inconsistent results may be attributable to differences between species in anxiety-like behavior. It is worth noting that hybrid strains of C57BL/6J and 129 mice show sexual differences in anxiety during OFT [24] , which is consistent with the results of our studies (i.e., higher anxiety in females than males), although many reports in rats suggest inverse relationships between sexes and anxiety (i.e., higher anxiety in males than females).
The PVN is a nucleus showing sexual dimorphism, where estrogens secreted after sexual maturation are thought to influence the volume of neuronal cell bodies [17] . Located in the anterior hypothalamus, the PVN plays a critical role in the hypothalamicpituitary-adrenal axis, and this physiological cascade is also influenced by sex steroids [25] . Dysfunction in this axis has been shown in anxiety disorders such as post-traumatic stress disorder and depression [26] . In the present study, no significant difference in PVN size was observed, which may be reflected in the present observation that sex-hormonal challenge during adulthood did not change the level of anxiety in the mice.
The pre/perinatal hormonal milieu is another factor that influences anxiety-like behaviors after maturation. Prenatal exposure to synthetic estrogens such as ethinyl estradiol [27] and diethylstilbestrol [28] influences the levels of anxiety-like behavior after puberty. Because male-specific behavior (ejaculation during sexual behavioral tests) is impaired in pgrn -/-mice, it is possible that sexual differentiation occurs in common neural systems that regulate both male sexual behavior and anxiety-like behavior. The serotonergic neural system is likely one of the key candidates because it regulates both ejaculation [29] and anxiety-like behavior [30] , and decreased expression of the 5-HT1A receptor mRNA is observed after an encounter with an intruder in pgrn -/-mice [13] . Monoaminergic neural systems including serotonergic and noradrenergic systems are involved in modulating anxiety [31] . A large portion of the serotonergic neurons stems from the dorsal raphe nucleus of the midbrain, while the LC is the largest assembly of noradrenergic neurons in the brain [31] . The noradrenergic neurons in the LC are activated in stressful situations and secrete their transmitter in the amygdala and hypothalamus [32] . It is known that electrical stimulation of the LC induces anxiety-like behavior in macaques [33] , and selective re-uptake inhibitors of noradrenalin are used as antidepressants [34] . Female rats have a larger LC volume than male rats, and this dimorphism is under the influence of sex-steroid hormones during the perinatal period [18] . Kubo et al. (2003) reported that female rats born from dams treated with diethylstilbestrol during gestation and lactation have a smaller LC volume than those born from vehicle-treated dams and demonstrated disappearance of sex-dependent differences in anxiety [28] . Differences in the volume and cell numbers of the LC may be derived from the effect of PGRN during the perinatal period because apoptosis in the LC begins from day 20 of pregnancy and peaks at postnatal day 1, coinciding with the critical period of sexual differentiation of the mammalian brain [35] . Serotonergic neurons in the dorsal raphe project into the LC [36] , and secretion of noradrenalin is inhibited by a 5-HT1A agonist [37] , suggesting that these two monoaminergic systems are coordinated in the brain [38] . Taken together, these reports and our studies suggest that PGRN plays an important role in the organization of monoaminergic systems, which regulate anxiety in novel environments in a sexdependent manner.
